Different adatom modified shape-controlled Pt nanoparticles have been prepared and their electrocatalytic properties have been evaluated toward ethanol electrooxidation.
Introduction
Nowadays, the studies about new energy sources are gaining momentum due to the depletion of fossil fuels. One of these alternative energy sources is the development of fuel cells, which can obtain energy simply from the reaction between a fuel and an oxidant species (usually oxygen). Fundamental research in fuel cells is usually centered in the material used for manufacturing the catalyst and its electrocatalytic response to the desired reaction on the cathode or on the anode [1] . As a catalyst, platinum is a good choice due to its well-known catalytic properties. Different chemicals have been selected as possible candidates for using as a fuel in the anode, from the most typical hydrogen to some small organic molecules such as formic acid, methanol or ethanol. Among these organic molecules, ethanol is one of the most studied fuels [2] , because it presents some advantages as the easiness for obtaining it from biomass in addition to its low toxicity or its high energy density for the complete oxidation to CO2, where 12 electrons are exchanged according with the reaction:
Nevertheless, this reaction is not as simple as appears in the general equation presented above, because parallel reactions can occur, decreasing the efficiency of the complete oxidation, the desired route. When using platinum as catalyst, this reaction has shown to be structure sensitive [3] , that is, depending on the arrangement of the platinum atoms on the surface of the electrode, the reactivity changes. On this electrode, ethanol oxidation mechanism has a dual-path mechanism:
Step (1) of the scheme corresponds to the ethanol oxidation to acetaldehyde, whereas step (2) is the acetaldehyde oxidation to acetic acid. These two reactions compose the route known as ethanol incomplete oxidation.
Step (3) and step (4) show the C-C bond scission from acetaldehyde and ethanol respectively, needed to achieve CO2 formation. However, previous to the complete oxidation, CO is formed and poisons the catalyst surface. At high potentials, this CO is finally oxidized to CO2. On Pt (111) electrodes, only acetic acid is formed without poison formation. However, on Pt (100) and Pt (110) electrodes, C-C bond scission is observed and CO is formed, blocking the surface for further reaction at low potentials [3, 4] . On the other hand, the oxidation in alkaline solutions leads to the almost exclusive production of acetate and negligible amounts of CO and CO2 (carbonate at higher pH values) [5] .
The problem of using platinum is its high price. One option for reducing the cost of platinum is to use it in the form of nanoparticles, with high active area, thus allowing the use of lower amounts of platinum. In addition, most of the reactions in fuel cell applications are structure sensitive. Thus, a careful selection of the surface structure of the nanoparticle can lead to an increase in the electrocatalysis. This can be achieved by synthesizing shape-controlled platinum nanoparticles, as has been done for the oxidation of organic molecules (formic acid, methanol, ethanol, glycerol and ammonia [6] [7] [8] [9] ) or oxygen reduction [10] [11] [12] . An additional increase in the catalytic activity of the Pt can be obtained by the modification of the electronic properties by forming alloys.
Focusing on ethanol oxidation, alloys composed of platinum and other metals, such as Sn, Ru, Rh, Mo or Cu, show improved selectivity to the C-C bond scission and/or enhanced activity for the oxidation of CO, so that the total electrocatalytic activity is increased [13] [14] [15] [16] [17] [18] [19] . However, for a better understanding of the actuation mechanism of the additional element in the Pt alloys, the controlled deposition of foreign adatoms on platinum with a well-known surface structure is considered as a suitable approach for this study. With this approach, a large amount of different modified platinum surfaces can be tested due to the easiness of preparation of electrodes with variable composition [20] .
Additionally, the test of the different modifications can be carried out in similar conditions, which allows a better comparison between different modifiers.
The metals chosen for depositing on Pt surface and study their electrocatalytic effect towards ethanol oxidation were tin, rhodium, ruthenium and lead. In previous studies, Sn and Ru deposition on stepped surfaces showed some enhancement for the oxidation to CO2 [21, 22] , whereas Pt deposited on Rh electrodes also shows increased activity for the C-C bond scission [23] . In addition, some works have demonstrated the improvement in the carbonate formation when Pb atoms are adsorbed on polycrystalline Pt surfaces in alkaline solutions [24, 25] .
In this work, fundamental studies about the electroactivity of the Sn, Rh, Ru and Pb-modified platinum nanoparticles, specifically in (100) and (111) Pt nanoparticles, for ethanol oxidation are reported in two different pH values (acidic and alkaline solutions).
These two types of nanoparticles have been selected because they represent two different paradigms for the ethanol oxidation reaction. As aforementioned, the (111) plane of Pt is inactive for the cleavage of the C-C bond, yielding acetic acid/acetate both in acid and alkaline solutions, whereas the (100) plane is active for this process in acidic conditions. Thus, the effect of the adatoms on both reaction paths can be analyzed. The studies will be carried out using voltammetric and chronoamperometric techniques, which will allow the best conditions to achieve the highest electrocatalytic activity (pH and composition) to be determined for the studied reaction.
Experimental
Preferential cubic and octahedral Pt nanoparticles were used in this study.
According to the observed shape by TEM, these nanoparticles should contain a high fraction of (100) and (111) domains, respectively [6, 26] . For that reason, they have been named (100) Pt nanoparticles and (111) Pt nanoparticles. These Pt nanoparticles were prepared according to the colloidal method [27] . In brief, solutions containing K2PtCl4 for (100) nanoparticles and H2PtCl6 for (111) Pt nanoparticles were reduced using H2 in controlled conditions to form nanoparticles. After that, nanoparticles were cleaned with NaOH pellets and dispersed in water. Additional details on the synthesis can be found in ref. [7, 26] .
Pt nanoparticles were deposited on a glassy carbon support, and dried during [15] [16] [17] [18] [19] [20] minutes in Ar atmosphere. After the drying, Pt nanoparticle samples were cleaned using CO adsorption and stripping, but avoiding the used of high potential values to preserve the surface structure order. Cyclic voltammetry was used to assure the correct cleaning of the platinum nanoparticles. The active area was measured from the hydrogen adsorption charge after double layer subtraction using the reported reference value of 0.23 mC cm -2 [28] . All the experiments were carried out at room temperature in a three-cell electrochemical cell, using a Pt wire as a counter-electrode, and reversible hydrogen (N50, Air Liquide) as reference electrode (RHE). Ar (N50, Air Liquide) was employed for deoxygenating the solutions. Cyclic voltammetry and chronoamperometric experiments were performed using a waveform generator (EG&EG PARC 175), together with a potentiostat (eDAQ EA161) and a digital recorder (eDAQ ED401).
Results and discussion

Electrochemical characterization of modified Pt nanoparticles
Previous to the ethanol oxidation studies, a cyclic voltammogram is recorded to characterize the Pt nanoparticles samples in 0.5 M H2SO4. This voltammogram is considered as a fingerprint of the Pt surfaces and allows the characterization of the different domains present on the nanoparticle samples. This electrochemical characterization is presented in Fig. 1 and Fig. 2 (Θ=0). Very briefly, the (111) nanoparticles show a wave due to the adsorption of sulfate on the (111) domains between 0.45 and 0.6 V, whereas the adsorption processes on the (100) ordered domains produces a defined signal at ca. 0.37 V. Additionally, monodimensional domains such as edges, steps or defects with (110) and (100) symmetry appear as peaks at 0.125 and 0.26 V, respectively. A more exhaustive description of the voltammetric profiles of these shapecontrolled Pt nanoparticles can be found in references [26, 33] .
The changes of the profiles upon the adsorption of the different adatoms have been also followed using voltammetry. Fig. 1 and Fig. 2 show the evolution of the voltammetric profile for both Pt nanoparticle samples after being modified by Sn, Rh, Ru and Pb in 0.5 M H2SO4. For Sn, the first stage in the deposition is the adsorption on monodimensional domains as can be observed by the diminution of the peaks associated with those sites, whereas the (111) ordered domains are only covered at high adatom coverages. This behavior is in agreement with previous experimental and theoretical results using stepped (111) surfaces for tin [21, [34] [35] [36] or for other adatoms with lower electronegativity values than Pt [37, 38] . In addition, an irreversible redox process was observed around 0.6-0. For this reason, as it is mentioned above, specific coverage values for these modified electrodes are not given, being simply ordered in increasing coverage values.
For Ru adsorption over the Pt nanoparticles, the behavior is similar to the Sn deposition, thus allowing an easy follow up of the Ru coverage with the decrease of hydrogen adsorption peaks [22, 42, 43] . Some additional Ru adsorption characteristics for sulfuric acid solutions appear in Fig. 1 , as the small peak at 0.22 V assigned to the sulfate adsorption on large-ordered (100) domains close to Ru atoms, in addition to the current increase from 0.6 V due to the Ru oxidation, which takes place at high potentials.
Finally, Pb adsorption on Pt surfaces is not very stable, and the adatom can be desorbed only with a few cycles at relative low potentials [44] . Thus, high coverage values cannot be achieved. However, no additional peaks are observed due to Pb redox processes at lower potentials, so the usual method of the decrease in hydrogen adsorption charge can be used for follow the Pb coverage. The voltammetric curves are similar to others reported for Pb adsorption on polycrystalline surfaces [25] , observing also an increase in the current around 0.6 V due to the OH adsorption on Pb atoms.
Ethanol oxidation in acidic medium
Fig . 3 shows the voltammetric profiles for ethanol oxidation on bare and adatom decorated (100) Pt nanoparticles. For the bare nanoparticles, the prominent peak at 0.8 V is due to the oxidation of CO layer from the C-C bond cleavage of ethanol, more favorable in (100) ordered domains, and the subsequent activation of the surface for the direct oxidation to acetic acid and to CO2 [7] . This fact leads to a large hysteresis between the positive and negative scan directions. Thus, in the negative scan direction, larger currents are observed, due to the absence of CO accumulation on the surface below 0.5 V, which allows the oxidation of ethanol on the surface. On the other hand, Fig. 4 displays the voltammetric response for (111) Pt nanoparticles. As can be seen, the hysteresis is very low, due to the preference of the (111) ordered domains for the incomplete oxidation of ethanol to acetic acid [3] .
Small differences in the voltammograms recorded in the absence of the adatoms for the same type of nanoparticles are observed, especially regarding the maximum current density. These effects are due to changes in the spatial distribution of the deposit.
Although the amount of nanoparticles is similar in all cases, some agglomeration of the nanoparticles may take place during the drying process. As has been shown [45] , nanoparticle agglomeration leads to deposits in which some nanoparticles are not active for the oxidation since the incoming flux of ethanol is consumed in the outer layers of the deposit, leading to lower current densities than the reported previously [7] . Since the main objective of the manuscript is to understand the role of the adatoms in the oxidation mechanism, the voltammograms for the different coverages for a given adatom were recorded with the same sample, so that currents can be compared and the different effects of the adatoms can be rationalized.
Among all the tested adatoms, the one that has a clear negative impact in the oxidation of ethanol is Rh. In all cases, the current diminishes significantly and no change in the onset potential can be detected. Although it has been reported that PtRh alloys increase the CO2/acetaldehyde ratio in ethanol oxidation [15, 23] , the net effect observed here is a diminution of the total current. At this respect, it is worth noting that Rh atoms are exclusively adsorbed at the surface of Pt nanoparticles, that is, Rh decorated Pt surface is formed, whose behavior can be different from that observed for a PtRh surface alloy.
Although it has been proposed that RhPt alloys catalyze the C-C bond splitting [15] , there
is not a significant increase in the total currents. This is probably due to the low activity of the Rh atoms for the dehydrogenation of small organic molecules. The net result of Rh is a diminution of the total current, because the increase in the C-C bond splitting rate does not compensate the diminution of the rate in the other steps of the reaction. Finally, for the highest coverage, the curves resemble those obtained in pure Rh electrodes [46] , that are known to be much less active than Pt for ethanol electrooxidation.
Ruthenium on platinum surfaces is known to catalyze the oxidation of CO which appears as intermediate on oxidation processes of small organic molecules. For that reason, previous results for ethanol oxidation in Pt stepped surfaces [22, 47] and for methanol oxidation in platinum surfaces [43, 48] show the improvement of the electrocatalytic activity. In the case of ethanol, Ru is not affecting other steps in the reaction, that is, is not enhancing the C-C bond cleavage or the formation of acetic acid as has been shown with single crystal electrodes [22] . Thus, for the (100) Pt nanoparticles, a lower potential onset for ethanol oxidation is observed in figure 3 , since Ru catalyzes the oxidation of CO formed at low potential values. For the (111) Pt nanoparticles, since the activity for the C-C bond cleavage is low, the onset does not change significantly. It should be stressed that the observed effects of Ru deposition for the nanoparticles are smaller than those recorded for the Ru decorated stepped surfaces. In this latter case, the Ru adatoms are deposited neighboring the sites active for the C-C bond cleavage, so that, their activity is maximized. For the nanoparticles, such control is not possible, and thus its effect is lower. Additionally, the progressive current decrease with increasing coverages indicates a negligible activity of the other steps in the reaction and the poor catalytic behavior for these surfaces.
The deposition of Pb on Pt surfaces in acidic solutions improves the onset potential for formic acid oxidation [49, 50] . In the case of ethanol, a small increase in the currents is observed for low and intermediate coverages. Additionally, the shape of the voltammogram remains almost unaffected by the presence of lead on the surface of the nanoparticles. This fact means that lead on the Pt surface catalyzes the oxidation of ethanol but it does not change significantly the product distribution. Additionally, the huge current decay with the other adatoms at the maximum coverage is not observed for lead because of the poor stability of these surfaces [44] , that prevent higher coverages for the Pb-modified Pt nanoparticles.
Clearly, the most significant catalytic effects for ethanol oxidation are observed for the Sn modified nanoparticles. For low and medium Sn coverages, the onset potential for ethanol oxidation is shifted to negative values, independently of the platinum nanoparticle samples used. This current increase at low potentials is related to the catalysis of the CO adsorbed to CO2, as it is confirmed with the disappearance of the prominent peak in the (100) Pt nanoparticles characteristic of the CO presence. This fact can be explained with the bifunctional mechanism [21, 51] , where the catalysis CO/CO2 is enhanced with OH adsorbed on Sn atoms. Nevertheless, for (100) Pt nanoparticles the onset potential seems to be unaltered for coverage values above 0.3, whereas in (111) Pt nanoparticles (Fig. 4) continuously decreases for increasing coverages. This effect can be explained by the competitive adsorption between CO and tin atoms, which produces a decrease in the free sites where ethanol oxidation occurs. For this reason, mainly for (100) Pt nanoparticles, the catalytic effect of Sn remains constant after coverages of 0.3, whereas in (111) Pt nanoparticles sample, where the CO formation rate is significantly lower, the onset potential for ethanol oxidation still diminishes for high adatom coverages. In addition, for this sample, the increase in the total currents and the diminution of the hysteresis confirms that the presence of tin adsorbed in (111) ordered domains catalyzed the incomplete ethanol oxidation to acetic acid [21] . At maximum coverage, activity decays drastically due to the absence of free sites necessary for catalyzing the ethanol oxidation reaction.
Since tin is the most active adatom in the catalysis, it is important to deepen in the understanding of its effects in the reaction. In figure 5 , the ratio of the currents recorded in the positive going-sweep between the modified nanoparticles with the highest activity (coverage close to 0.5) and the unmodified nanoparticles is shown. Two regions can be observed in these curves, especially for the (111) Pt nanoparticles. At low potentials, the increase is due to the catalysis of CO oxidation. In this region, the improvement factor is slightly better in (111) Pt nanoparticles, probably due to a small increase in the production of CO or the catalysis of the oxidation for the CH3 fragment on the free Pt sites. On the (100) Pt nanoparticles, this latter process is less possible because the CO coverage is higher. At higher potentials (above 0.75 V), when all the adsorbed CO molecules have been effectively oxidized to CO2, the currents of the modified and unmodified samples become essentially similar independently of the Pt nanoparticles used.
Chronoamperometric results are presented in Figure 6 for evaluating the variance of the activity and assure the stability of the modified electrodes with time. In this experiment, after a step to 0.9 V for oxidizing the CO formed at low potentials, the potential is set at 0.6 V to record the evolution of the oxidation currents. In all cases, a significant decay in the currents is measured after 10 min. This decay should be due to the accumulation of CO on the surface, because the rate of the C-C bond cleavage step is higher than the CO oxidation rate. Comparing (100) and (111) Pt nanoparticles, the increase of the currents after 10 min with respect to those recorded in absence of tin is higher for the (111) Pt nanoparticles. This effect can be easily explained by the higher activity for the C-C bond splitting of the (100) Pt nanoparticles. Thus, the stationary CO coverage will be higher, that is, there are less free Pt sites, and consequently lower currents are recorded at long times. For the (111) Pt nanoparticles, the higher number of free Pt available sites and the catalytic effect of tin for the oxidation of ethanol to acetic acid results in higher currents [21] .
The currents at 600 s of the chronoamperometric curves vs. tin coverage are plotted in Fig. 7 for the two Pt nanoparticles samples used. Initially, currents increase with the addition of tin on the surface. For (100) Pt nanoparticles, at coverage values higher than 0.3, it diminishes, whereas for the (111) Pt nanoparticles, it reaches the maximum and stable value for coverages above 0.5. At higher tin coverages, currents increase but very slightly. Again, the competitive catalytic effect of tin for oxidation of CO and the oxidation of ethanol to acetic acid explains this behavior.
Ethanol oxidation in alkaline solutions.
Similarly to that shown in Fig. 3 and 4 , the study of the effect of the adatoms towards the oxidation of ethanol in alkaline conditions is shown in Figs. 8 and 9 . Due to the high activity above 0.7 V, the voltammograms are affected by the diffusion of the electroactive species through the catalyst layers and also by ohmic drop, due to the large currents and the lower conductivity of the alkaline solutions [5, 45] . However, for practical applications, currents above 0.7 V are not interesting, since the voltage obtained in a fuel cell would be negligible. For that reason, only onset potentials will be analyzed in this case.
It was shown before that the solution pH has a strong influence on the oxidation mechanism, considerably modifying the ratio between the products formed after changing from acidic to alkaline solutions [5, 52] . As previously mentioned, the main product in the oxidation for the different Pt single crystal electrodes and nanoparticles is acetate, whereas the amount of carbonate detected can be considered negligible. This drastic change in the oxidation mechanism has been related to changes in the adsorption modes of ethanol. Thus, ethanol adsorption on platinum in alkaline media is proposed to occur through the oxygen atom and not through the C1 atom of ethanol [52, 53] . Since the cleavage of the C-C bond requires a bidentate adsorption mode with the C1 and C2 atoms bonded to the surface, the adsorption through the oxygen atom hinders this process. On the other hand, the oxidation to acetate requires the transfer of an OH group to the C1 atom. In this medium, the results with single crystal electrodes show that ethanol oxidation to acetic acid takes place when OH is adsorbed on the Pt surface. Thus, the main product is acetate, and CO formation is quasi negligible in these conditions. This fact determines the effect of the adatoms. Ru, which has high oxophilicity, could have contributed to two different steps in the reaction mechanism: to the oxidation of CO to CO2 and to the oxidation of acetaldehyde to acetic acid/acetate, since both steps require the transfer of an oxygen group. As aforementioned, CO is not detected in alkaline solutions, and therefore, this step cannot be catalyzed by Ru. On the other hand, the complex nature of the oxidation process of Ru, yielding a mixture of hydroxides and oxides, whose ratio depends on the electrode potential, prevents an effective catalytic effect on this second step (acetaldehyde to acetate). In the positive scan direction and at low potentials (inset of fig. 8 and 9 ), the current is almost independent of the Ru coverage.
However, as the potential is increased, a significant diminution is observed. This is probably due to a progressive transformation of Ru hydroxides to oxides, which are not active for the catalysis. Since this process is irreversible, in the negative scan direction, the currents at low potentials diminish with the Ru coverage. Consequently, Ru adatoms, the role of which is the catalysis of the CO oxidation to CO2, do not show any enhancement for the oxidation in alkaline conditions, acting almost as a pure third body for the reaction.
On the other hand, low Rh, Pb or Sn coverages show very small effects on the oxidation of ethanol in this medium. As can be seen, the increase of the currents for low coverages is small and the only net effect is a lower onset for low adatom coverages. At higher coverages for those adatoms, total currents at any potential decrease. Previous results for Pb deposited on polycrystalline platinum electrodes showed a significant increase in the currents in alkaline solutions [24, 25] . In this case, a lower onset for the oxidation is observed mainly for the (100) Pt nanoparticles. According with the references cited, OH adsorption on Pb atoms takes place at potentials around 0.5-0.6 V, lower than on platinum, allowing ethanol to be oxidized at more negative potentials. Thus, it can be proposed that these adatoms act as a bifunctional catalyst by facilitating the transfer of the OH to the adsorbed ethanol molecule, which compensates the lower amount of Pt free sites due to the adatom coverage. However, the large increase previously observed with the Pt-Pb combined surfaces is not achieved in these conditions, probably related with differences in the deposition method and the low coverages reached due to the poor stability of Pb adsorbed on Pt surfaces [44] . At higher coverages, current decreases, since the small increase of the activity due to the deposition of the adatom does not compensate the loss of the activity due to the blockage of platinum sites by the adatom.
For Sn, which also has high oxophilicity, the observed behavior is better than that of Ru, probably related to the different electrochemistry of the oxides/hydroxides. In this case, the transfer of the OH takes place in the whole potential range, which results in currents that are almost independent of the Sn coverage. This suggests that there is no significant transformation of the hydroxides into oxides in this potential range, unlike what is observed for Ru.
Conclusions
The electrocatalytic properties of clean cubic and octahedral platinum nanoparticles In alkaline solutions, the main product in the oxidation is acetate, with negligible CO formation. Thus, Ru atoms adsorbed on platinum nanoparticles, which major effect is to catalyze the CO oxidation, does not affect ethanol oxidation in these conditions.
However, Sn, Rh and Pb-modified platinum nanoparticles show a very small improvement of the potential onset. This effect is related to the OH adsorption on the adatom surfaces at lower potentials, favoring ethanol oxidation to acetate by a bifunctional mechanism. Inset: Currents for positive scan direction in the onset potential region.
